Natural protein-based microcompartments containing multiple enzymes promote cascade reactions within cells. We use the apoferritin protein cage to mimic such biocompartments by immobilizing two organometallic Ir and Pd complexes into the single protein cage.
Immobilization of two organometallic complexes into a single cage to construct protein-based microcompartments † Basudev Maity, Kazuki Fukumori, Satoshi Abe and Takafumi Ueno* Natural protein-based microcompartments containing multiple enzymes promote cascade reactions within cells. We use the apoferritin protein cage to mimic such biocompartments by immobilizing two organometallic Ir and Pd complexes into the single protein cage.
Precise locations of the metals and their accumulation mechanism were studied by X-ray crystallography.
Compartmentalization is a common strategy used by living organisms for controlling reaction environments within the cell such as the reactions of metabolic pathways. 1 The carboxysome is a unique example of a protein-based microcompartment that encapsulates diverse enzymes into a single cage to promote CO 2 fixation. 2, 3 Mimicking such compartment systems as new biomimetic materials is important for understanding complex cellular process as well as catalytic applications. In efforts to develop such compartment systems, foreign proteins are incorporated into the protein cage. [4] [5] [6] In particular, Douglas and coworkers have reported an approach where multiple enzymes are packed into a single protein cage of virus-like particles (VLP). There remains the problem that encapsulated enzymes in the cages have lower activity than in free solution as a result of reduced stability, variable structure and other factors. [6] [7] [8] In one of the simpler ways to address this issue, such systems are mimicked by employing artificial metalloenzyme technology. [9] [10] [11] [12] Protein scaffolds provide useful reaction space when occupied by non-natural metal cofactors or metal ions and can promote various catalytic reactions. [13] [14] [15] [16] [17] [18] [19] [20] [21] Recently, artificial metalloenzymes have been used to avoid mutual deactivation of catalysts when combined with biocatalysts for cascade reactions. [22] [23] [24] Ward and coworkers have developed synthetic cascades by combining artificial transfer hydrogenase (ATHase) with oxidase enzymes. 22 Protein cages that include metal nanoparticles are available for designing cascade reactions in combinations with native enzymes or metal complexes in buffer solutions. 23, 24 Although such combinations of biocatalysts and artificial metalloenzymes promote cascade reactions, it remains challenging to isolate each catalytic reaction within a single cage in a manner similar to reactions occurring in natural protein-based microcompartments.
In this work, our objective was to construct a single protein cage containing multiple metal complex catalyst species to promote tandem reactions. We selected ferritin, a natural iron storage protein, because this self-assembled 24-mer protein provides a spherical cavity with an internal diameter of 8 nm that is stable over a wide pH range (2-11) and at temperatures up to 80 1C.
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Individual incorporation of various metal complexes into the apo-ferritin cage have been investigated in terms of the metal accumulation process, catalysis and drug delivery. 18, [26] [27] [28] [29] [30] [31] [32] [33] We are now interested in whether two different organometallic complexes can be immobilized simultaneously on the interior surface of a single apo-ferritin cage to develop an artificial protein compartment (Fig. 1 ). Here we describe the preparation of apo-ferritin containing two different IrCp* and Pd(allyl) organometallic moieties and structural characterization of the resulting composite by X-ray crystallography. Catalytic reactions such as Suzuki-Miyaura coupling and hydrogenation reaction by the single protein cage containing dual organometallics are also described. Immobilization of two different metal complexes within the single protein cage was performed by introducing the [IrCp*Cl 2 ] 2 complex into the recombinant L-chain apo-ferritin from horse liver (apo-rHLFr) followed by introduction of the [Pd(allyl)Cl] 2 complex. The IrCp* immobilization reaction was carried out by stirring apo-rHLFr (10 mM in 50 mM Tris-HCl (pH 8.0), 0.15 M NaCl) with 85 equiv. of [IrCp*Cl 2 ] 2 for 1 h at 50 1C. After reaction, the mixture was dialyzed against 0.15 M NaCl to remove unbound IrCp* moieties and finally the ferritin protein cage containing IrCp* complexes (IrCp*Áapo-rHLFr) was purified by gel filtration (Superdex G200). The number of IrCp* moieties accumulated in IrCp*Áapo-rHLFr was estimated using inductively coupled plasma-mass spectrometry (ICP-MS) and the bicinchoninic acid (BCA) assay. These analyses suggest that a total of 37 AE 4 Ir atoms are accumulated per apo-rHLFr cage. To determine the precise locations of the IrCp* moieties in the apo-rHLFr cage, we crystallized the IrCp*Áapo-rHLFr species using the hanging drop vapor diffusion method as reported previously. 18, 26 The crystal structure was refined to 1.56 Å resolution as shown in Fig. 2a . Selected crystallographic data and refinement statistics are listed in Table S1 (ESI †). Fig. 2c) . At the 3-fold channel, there are three IrCp* binding sites from 3 different monomers (Fig. S2, ESI †) . Ir3 is ligated by His114 with a bond distance of 2.13 Å and occupancy of 0.3. Phe128 coordinates to Ir4 (occupancy 0.2) with an Ir4-C e (Phe128) distance of 2.12 Å, which is comparable to the literature (Fig. S3, ESI †) . 34 The other binding site for Ir5 was observed at the 4-fold axis channel with occupancy of 0.2 (Fig. S3, ESI †) . Although the total number of Ir binding sites observed in the crystal structure is 120, the sum of Ir atoms estimated from all of the occupancies is 45 in a single cage of apo-rHLFr. This value is consistent with that obtained from quantitative analyses (ICP/BCA) (37 AE 4). Thus, IrCp* moieties are expected to tend to coordinate His residues at the accumulation center and the 3-fold channel. After immobilization of IrCp* into the apo-rHLFr cage and structural characterization, we focused on introducing organometallic [Pd(allyl)Cl] 2 complexes into the IrCp*Áapo-rHLFr structure to accumulate different metal complexes inside the single protein cage. The deposition of Pd(allyl) was carried out by stirring 100 equiv. of [Pd(allyl)Cl] 2 with IrCp*Áapo-rHLFr (5 mM) in 0.15 M NaCl at RT for 1 h. The mixture was purified by dialysis in 0.15 M NaCl followed by gel filtration (Superdex G200) to remove excess unbound Pd(allyl). The ICP-MS/BCA analyses indicate a total of 35 AE 3 Ir and 95 AE 6 Pd atoms present per apo-rHLFr cage. Interestingly, the number of IrCp* moieties remained almost the same as that of IrCp*Áapo-rHLFr. This indicates that Pd(allyl) binds at different locations than IrCp*. The crystal structure of ferritin cage containing IrCp* and Pd(allyl) complexes (IrCp*/Pd(allyl)Áapo-rHLFr) was refined to 1.87 Å resolution as shown in Fig. 2d . Selected crystallographic data and refinement statistics are listed in Table S1 (ESI †). The overall spherical structure of the apo-rHLFr cage is conserved in the presence of both IrCp* and Pd(allyl) complexes because of the root mean square deviation (rmsd) of the C a atoms from aporHLFr (0.23). The positions of Ir are distinguished from those of Pd metals by comparing the anomalous maps (see ESI †). The Ir binding sites are identical to those of IrCp*Áapo-rHLFr with similar occupancy values, except for the absence of IrCp* bound to S g (Cys48). The Pd(allyl) moieties were identified by comparing our previously reported structures of Pd(allyl)Áapo-rHLFr.
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At the accumulation centre, there is one IrCp* binding site and two Pd(allyl) binding sites (Fig. 2f) . The coordination of IrCp* at His49 remained the same as in IrCp*Áapo-rHLFr with total occupancy of 1.0. The electron density corresponding to His173, which coordinates to Ir1C in IrCp*Áapo-rHLFr, was not determined due to insufficient density ( Fig. 2c and f) . The observed Ir-N e (His49) bond distances are 2.07-2.61 Å. The IrCp* binding site at Cys48 in IrCp*Áapo-rHLFr was replaced by two Pd(allyl) moieties in IrCp*/Pd(allyl)Áapo-rHLFr with occupancies of 1.0 (Pd1) and 0.7 (Pd2), respectively. This suggests that Pd(allyl) tends to coordinate to Cys. Glu45 showed dual conformations that coordinate to Pd(allyl). The Pd(allyl) moieties maintain a S g (Cys48) bridged dinuclear structure supported by the carboxyl group of one of the adjacent Glu45 conformers (Fig. 2f) . The other conformer of Glu45 coordinates to Pd1, which has higher occupancy than Pd2. Both the Pd1 and Pd2 maintain a squareplanar geometry with an allyl ligand, S g (Cys48) and O d (Glu45). The structure is similar to the reported dinuclear Pd(allyl) complexes. 26, 35 The observed Pd1-Pd2 distance was 2.95 Å.
The Pd1-S g (Cys48) and Pd2-S g (Cys48) distances were 2.33 Å and 2.76 Å, respectively, whereas the Pd1-O d 1(Glu45) and and Ir2-S g (Cys126) distances are 2.55 Å and 3.19 Å, respectively.
The Ir binding sites at Phe128 and the 4-fold channel remained the same as in IrCp*Áapo-rHLFr (Fig. S3, ESI †) . The total number of Ir and Pd binding sites per apo-rHLFr cage observed from the crystal structures is 96 and 72, respectively. The sum of the Ir ions estimated from all occupancies is 40 and this is consistent with the number (35 AE 3) obtained from the ICP/BCA assay. However, the number of Pd ions (95 AE 6) determined from the quantitative analysis is higher than the total number of Pd binding sites (72). This suggests that several Pd(allyl) complexes are located at nonspecific binding sites as reported previously. 36 Interestingly, although we attempted to prepare the heterometallic composite in a reversed procedure with [Pd(allyl)Cl] 2 incorporated first, followed by [IrCp*Cl 2 ] 2 and the reaction was unsuccessful because of the precipitation. We suspect that because Pd(allyl) forms a stable dinuclear structure involving coordination to His49 or His114 in Pd(allyl)Áapo-rHLFr, the IrCp* deposition in the second step may not be able to displace Pd and, as a result, random immobilization and precipitation occur. 26 This observation suggests that the particular reaction sequence is important for immobilization of different metal complexes into a single protein cage. The process of accumulation of Pd(allyl) was understood when 50 equiv. of [Pd(allyl)Cl] 2 was reacted with IrCp*Áapo-rHLFr and determined the intermediate structure (IrCp*/I-Pd(allyl)Áapo-rHLFr) (Fig. S5, ESI †) . The positions of the IrCp* and Pd(allyl) in the intermediate structure remained the same as in IrCp*/Pd(allyl)Áapo-rHLFr except for the coordination structures and occupancies of Pd.
The occupancies of Pd1 and Pd2 are 0.8 and 0.2, respectively, whereas in IrCp*/Pd(allyl)Áapo-rHLFr they are 1.0 and 0.7, respectively. This suggests that Pd1 accumulates first and then Pd2, which is confirmed from the comparison of crystal structures (Fig. 3b, c and d ). Pd1 is bounded by Cys48 and one carboxylate oxygen atom of Glu45 whereas Pd2 is bounded by only Cys48 giving long distance of 3.0 Å. The results suggest that the Pd(allyl) immobilization at the metal accumulation site occurs in two steps (Fig. 3a) . First, the IrCp* bounded by Cys48 is replaced by Pd1 and stabilized by one of the carboxylate oxygen of Glu45. In the next step, another new Pd(allyl) (Pd2) binds to Cys48 to form a dinuclear structure as reported previously. 36 The phenomenon was evidenced from the low occupancy of Pd2(0.2) compared to Pd1(1.0), which increased to 0.7 when 100 equiv. of Pd(allyl) was used ( Fig. 3c and d) . During the accumulation process of Pd2, flexible Glu45 changes its conformation to stabilize the dinuclear Pd structure with two carboxylate oxygen atoms. Similarly, in the 3-fold channel the occupancy of Pd increases from 0.2 to 0.6 when 100 equivalent of Pd(allyl) was used (Fig. S6, ESI †) . The results suggest that the accumulation of Pd(allyl) occurs stepwise and does not disturb the IrCp* except at Cys48. The use of higher equivalent of Pd(allyl) to saturate the Pd binding sites was avoided due to parallel nonspecific binding. After immobilization of IrCp* and Pd(allyl) complexes into a single apo-rHLFr cage, we tested the catalytic activities using 4-iodoacetophenone as a substrate for Suzuki-Miyaura coupling and hydrogenation reactions in aqueous medium at 40 1C. The formation of biphenyl ethanol (yield B 10%), which was detected by HPLC, suggests the promotion of catalytic tandem reactions by IrCp*/Pd(allyl)Áapo-rHLFr (Fig. S7 and S8 , ESI †). The observed enantioselectivity was B15% (S). Thus the single protein cage catalyzes both reactions with formation of a mixture of products (Table S3 , ESI †). Size exclusion chromatography and dynamic light scattering of the reaction mixture indicate that the spherical cage structure of ferritin is maintained during the reaction (Fig. S9 and S10 coordination for catalytic hydrogenation reaction. We also performed the reaction using the mixture of IrCp*Áapo-rHLFr and Pd(allyl)Áapo-rHLFr, which gives similar yield for biphenyl ethanol as for IrCp*/Pd(allyl)Áapo-rHLFr. It is expected that the apo-rHLFr cage is not diffusion limiting for small substrates and the intermediate between the cages as observed for VLP containing enzymes. 7 The results demonstrate the possibility of achieving tandem reactions within a single protein cage by immobilizing different metal catalysts. Optimization of the catalytic reaction to improve activity and selectivity is now underway.
In summary, we have demonstrated immobilization of two different organometallic IrCp* and Pd(allyl) complexes into a single apo-rHLFr cage for promotion of tandem reactions. The X-ray crystal structure analyses suggest that IrCp* tends to bind to His whereas Pd(allyl) forms a dinuclear structure at Cys48. Both metal complexes are catalytically active within the cage. There is scope for improving catalytic efficiency. Incorporation of multiple complexes within a cage based on principles of coordination chemistry is expected to be a useful strategy for mimicking protein-based microcompartments.
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